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1
TRACKING OF OCCLUDED NAVIGATION
SATELLITE SIGNALS

FIELD OF THE INVENTION

This invention relates generally to a global navigation
satellite system (GNSS), and more particularly to navigation
systems for acquiring and/or tracking satellites signals
occluded by environmental factors or manmade structures.

BACKGROUND OF THE INVENTION

A navigation system, such as the global navigation satel-
lite system (GNSS), provides location and time information
with line-of-sight (LOS) to four or more navigation satel-
lites. Although four satellites are required for normal opera-
tion, fewer are possible in cases where one variable, e.g.,
elevation is known or irrelevant. The navigation system
provides positioning services to a moving vehicle by track-
ing the satellite signals during the movement of the vehicle.
However, the navigation system of the vehicle can lose one
or more satellite signals when the LOS with the satellite
transmitting the satellite signal is occluded by environmental
features, such as trees, buildings, or bridges. After the
tracking of the satellite signal is lost, the satellite signal must
be reacquired when the LOS with the satellite is restored.
The reacquisition of the satellite signal is a time consuming
process, because the frequency and phase of the satellite
signal to be tracked are varying in response to a change in
relative positions and/or velocities between the moving
vehicle and the transmitting satellite, and are usually
unknown.

Some navigation systems use temporal and spatial diver-
sity to minimize problems with LOS occlusion. For
example, the system and method described in U.S. Pat. No.
7,642,957 uses two antennas to receive satellite signal with
the expectation that at least one antenna receives a “good”
signal. Another system sets up a local constellation, as in
U.S. Pat. No. 5,886,665, where dedicated transceivers with
known locations rebroadcast the satellite signals into areas
with a “poor” signal. However, such a system is expensive
to install and maintain and requires dedicated and protected
real estate to operate.

If a vehicle is moving at a high speed through an envi-
ronment littered with features that could occlude the satellite
signals, it is possible that the signals can only be received for
a time that is shorter than the required acquisition time.

Accordingly, there is a need for a method that speeds up
the acquisition time of satellites signals by a navigation
system of the moving vehicles.

SUMMARY OF THE INVENTION

In global navigation satellite system (GNSS) applications,
satellites signals received by navigation systems are tracked
over time in order to provide position estimates. Typically,
the navigation system is used by moving objects, such as
vehicles, boats, trains and planes. If less than four signals are
received, due to occlusion of the one or more of the signals
along a line-of-sight (LOS) with the satellites, then a poten-
tially lengthy acquisition process must be performed to
reacquire the signal. The acquisition process determines the
information required to initialize the tracking process, such
as the phase and the frequency of the satellite signal.

Some embodiments of the invention are based on recog-
nition that position and velocity of the navigation system are
mutually dependent with the tracking of the satellite signal.
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This is because the tracking of satellite signal can be used to
determine the position and the velocity of the navigation
signal, but also the position and the velocity can be used to
initiate the tracking. For example, the phase of the satellite
signal is a measure of a distance between the navigation
system and the satellite, and thus depends on the position of
the navigation system, and other parameters that are
uniquely defined as a function of time. Also, the frequency
of' the received satellite signal depends on the velocity of the
navigation system due to the Doppler effect, and other
parameters that are uniquely defined as a function of time.

Thus, knowing the position and velocity of navigation
system, upon reacquiring the signal, provides enough infor-
mation needed to simplify the acquisition process. However,
when the satellite signal is lost, the position and/or velocity
of the navigation system at a future time of reacquiring the
signal are unknown.

Some embodiments of the invention are based on real-
ization that in a system where geographic information is
available, for example in the form of a Geographic Infor-
mation System (GIS) database, previous position and veloc-
ity estimates can be used to yield estimates of the position
and velocity at a current time, or even to predict position and
velocity in the future. For example, upon losing a signal
blocked by a geographical object, the position and/or veloc-
ity at the next location where the LOS is restored can be
predicted using geographical information (GI) about the
properties of that object. For example, when a vehicle enters
a tunnel that blocks the satellites signals, the length of the
tunnel can be used to predict the position of re-emerging
from the tunnel, and the knowledge of that position can be
used to initiate the tracking of the satellite signal.

Additionally or alternatively, the navigation system can
include multiple navigation modules for determining mul-
tiple positions. This is of particular interest for large trains
where the distance between the front and rear of the train can
exceed 2000 meters. Thus, it is possible to estimate the
position and velocity of each navigation module, if the
position and velocity of one navigation module is known.
For example, if multiple navigation modules are sufficiently
separated apart and mechanically connected, e.g., installed
at different locations on a train, then position and/or velocity
at next the LOS location for a first navigation module can be
determined based on current position and/or velocity of a
second navigation module, when the second navigation
module still has the LOS with the satellite. Such navigation
systems enable continuous tracking of the position of the
first navigation module when the position can be determined
by the second navigation module.

Accordingly, one embodiment of the invention discloses
a navigation system including a first navigation module for
determining a first position; and a second navigation module
for determining a second position, wherein the first and the
second navigation modules are mechanically connected,
such that the first position is dependent on the second
position, wherein the first and the second navigation mod-
ules are communicatively connected to exchange informa-
tion including at least one of the first and the second
positions, and wherein, at an instant of time during an
operation of the navigation system, the first navigation
module receives the second position from the second navi-
gation module and determines the first position based on the
second position.

Another embodiment of the invention discloses a method
for navigating a vehicle. The method includes tracking, by
a first navigation module installed on the vehicle, a set of
satellite signals to determine a first position; receiving, upon
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loosing at least one satellite signal, a second position deter-
mined by a second navigation module installed on the
vehicle, such that the second navigation module is mechani-
cally connected with the first navigation module through a
body of the vehicle; and determining the first position based
on a relative distance between the first and the second
navigation modules and a velocity of the vehicle.

Yet another embodiment of the invention discloses a
navigation system of a train moving on a train rack. The
navigation system includes a first navigation module
installed on the train for determining a first position of the
train; and a second navigation module installed on the train
for determining a second position of the train, wherein the
first and the second navigation modules are mechanically
connected through a body of the train and are communica-
tively connected to exchange operational information; and a
non-transitory memory storing a database with geographical
information including information on the train rack, wherein
the first and the second navigation modules are configured to
determine at least one of the first and the second position
using the geographical information and the operational
information.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a train car with a navigation
system including multiple navigation modules according to
some embodiments of the invention;

FIG. 2 is a side view of a train in an urban environment,
equipped with multiple navigation modules according to
some embodiments of the invention;

FIG. 3 is a top view of a train, travelling in an urban
environment, employing multiple navigation modules
according to some embodiments of the invention;

FIG. 4 is a block diagram of a method for navigating a
vehicle according to some embodiments of the invention;

FIG. 5A is a block diagram of a method for determining
the position using geographical information database
according to one embodiment of the invention;

FIGS. 5B, 5C, 5D and 5E are schematics of determining
the position based on relative distance between navigation
modules according to various embodiments of the invention;

FIG. 6 a diagram of the different components of a
navigation module according to some embodiments of the
invention;

FIG. 7 is an illustration of a train exiting an area denied
of navigation coverage with a known exit point;

FIG. 8 is a block diagram of a navigation system for
tracking a satellite signal according to one embodiment of
the invention; and

FIG. 9 is a block diagram of a method for identifying the
object blocking the satellite signal according to some
embodiments of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 shows a train car 110 employing a navigation
system 100 according to some embodiments of the inven-
tion. The navigation system 100 includes at least two
navigation modules 135 and 137 and a communication link
130.

The first navigation module 135 is for determining a first
position, e.g., a position of the first navigation module
and/or a position of the train where the first navigation
module is arranged. The navigation system 100 also includes
a second navigation module 137 for determining a second
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position, such as a position of the second navigation module.
The first 135 and the second 137 navigation modules receive
satellites signals, e.g., the signals 125, from at least four
navigation satellites, such as satellites 121, 122, 123, and
124. The first and the second navigation modules can
determine their respective positions by tracking and inter-
preting the satellite signals independently of each other.

The first and the second navigation modules are mechani-
cally connected 133 to each other, such that the first position
is dependent on the second position. In this embodiment, the
first and the second navigation modules are arranged on the
train car 110, and thus rigidly connected to each other
through the body of the train car. In such a manner, the first
and the second navigation modules can have identical veloc-
ity, i.e., the velocity of the train car 111. In alternative
embodiments, the mechanical connection is not rigid. For
example, the modules are arranged individual cars of a train
linked by couplers so the train is flexible when traveling
along curves. In this case, the distance between the NMs can
vary. This scenario is prevalent for track along river valleys
or through tunnels where a mountainous terrain necessitates
a lot of curves as well as a lot of occlusions.

The first and the second navigation modules are commu-
nicatively connected 130 to exchange information including
at least one of the first and the second positions. The
mechanical and communicative connections allow naviga-
tion modules to exchange the information that can facilitate
determining the first or the second positions. For example, in
some embodiments, at an instant of time during the opera-
tion of the navigation system 100, the first navigation
module receives the second position from the second navi-
gation module and determines the first position based on the
second position. The receiving of the second position allows
the first navigation module to continuously track its position
even when one or all satellite signals are occluded.

Some embodiments of the invention are based on recog-
nition that position and velocity of the navigation system are
mutually dependent with the tracking of the satellite signal.
This is because the tracking of satellite signal can be used to
determine the position and the velocity of the navigation
signal, but also the position and the velocity can be used to
initiate the tracking. For example, the phase of the satellite
signal is depends on a distance between the navigation
module and the satellite, and thus depends on the position of
the navigation module, and other parameters that are
uniquely defined as a function of time. Also, the frequency
of the satellite signal depends on the velocity of the navi-
gation module, and other parameters that are uniquely
defined as a function of time.

Thus, knowing the position and velocity of a navigation
module upon reacquiring the signal along the line-of-sight
(LOS) with the satellite at an instant of time, provides
enough information to simplify the acquisition process.
Accordingly, in some embodiments of the invention, e.g., in
the case of any of the signal becomes occluded for the first
navigation module 135, the information received from the
second navigation module 137 can include one or combi-
nation of up-to-date estimates on the frequency and phase of
the occluded satellite signal, and/or position and velocity of
the second navigation module 137, which yields estimates
about the position and velocity of the first navigation module
135. Additionally or alternatively, in the navigation system
100, the control variables of the tracking in one navigation
module can be passed directly into upon detecting the
re-appearance of the occluded signal in another navigation
module.
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FIG. 2 shows an example of a train 201, travelling in the
direction of the arrow 207 and equipped with two navigation
modules 204 and 205. In this example, the signal from the
satellite 202 is occluded by an obstacle 203, denying the
navigation module 204 to determine a position estimate. If
the navigation module 205 is able to compute a position and
a velocity estimate 210, then this estimate can be propagated
to the module 204 allowing the module 204 to determine its
current position and/or initial values 211 for the frequency
and phase required to re-start signal tracking.

In this embodiment, the navigation modules 204 and 205
are mechanically, but not rigidly, connected. In the particular
case of a straight track 206 between 204 and 205, the
velocities of the navigation modules are substantially iden-
tical the difference between the first and the second positions
is fixed distance along the train. Synchronization between
the clocks of the navigation modules can be achieved using
wireless methods, which in turn requires clocks with good
short-term stability, such as a rubidium clock might provide.

In one embodiment of the invention, the first navigation
module, e.g., the module 204, determines its first velocity
and determines the first position based on the first velocity
and the second position. For example, the first navigation
module can determine the first position using a relative
distance between the first and the second navigation mod-
ules extended in the direction defined by the velocity of the
first or the second navigation modules. In one embodiment
of the invention, the first navigation module receives a
second velocity from the second navigation module and
determines the first velocity using the second velocity. In the
alternative embodiment, the first navigation module receives
the first velocity from any other velocity measurement
system capable of determining the first velocity. For
example, the first navigation module can receive the first
velocity from a velocity measurement system rigidly con-
nected with the first navigation module.

FIG. 3 shows another embodiment with a train 301 with
multiple navigation modules and a navigation satellite 302.
Buildings 303 and 304 block the view of the satellite from
the shaded areas 307 and 308, respectively. Thus, signals for
the modules 310 are occluded, potentially leaving them
unable to determine positions. A gap between the buildings
allows at least one module 305 to have a line-of-sight to the
satellite 302, potentially enabling the module 305 to deter-
mine a position, if the signal can be acquired quickly
enough. The module 311 is about to emerge from the shaded
area to be able to track the signals from the satellite 302.

In this embodiment, the position and velocity information
supplied by module 305 is processed using a digital map or
a geographic information system (GIS) 312 to estimate the
position and velocity of module 311. This estimation enables
the navigation module 311 to acquire the signal as soon as
the signal becomes available, rather than having to go
through a lengthy conventional acquisition process. The GIS
312 can include geographic information about curvatures of
the rails 315, which allows adjusting the relative distance
between the modules using the geographic information.

In this embodiment, the tracking of the satellite signals
with different navigation modules can be used in a collab-
orative way. Tracking different ranging measurements to
different satellites at various different points along the train,
a position can be determined. This holds true, even if no
single navigation module tracks enough satellites to autono-
mously determine a position.

Furthermore, geographic information allows navigation
modules arranged on different train cars to detect the appear-
ance of multipath errors by computing expected navigation
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6

measurements at the leading module from information relat-
ing to the following modules and comparing the information
against the actually received signals. Also, the embodiment
provides signal tracking during complete outages of the
navigation signal on all navigation modules, leveraging
information from navigation modules, the GIS, and inertial
or velocity sensors.

A further embodiment of the invention provides the
ability to acquire signals subject to radio frequency inter-
ference (RFI). The difficulty of acquiring navigation signals
subject to RFI with conventional methods lies in the
increased noise, or a decreased signal to noise ratio (SNR).
Increased noise can potentially lead to a misidentifying the
frequency and phase of the signal. When an alternative
method is available to estimate the signal frequency and
code phase, then the signal tracking is more likely to track
the correct frequency and phase.

FIG. 4 shows a block diagram of a method for navigating
a vehicle according to some embodiments of the invention.
The first navigation module installed on the vehicle is
continuously or periodically tracking 410 a set of satellite
signals to determine a first position 415. At some instance of
time during the operation of the method, e.g., upon loosing
at least one satellite signal, the first navigation module
receives 420 a second position 425 determined by a second
navigation module installed on the vehicle. In this embodi-
ment, the second navigation module is mechanically con-
nected with the first navigation module through a body of the
vehicle, such as a train as in FIG. 1-3. Next, the first
navigation module determines 430 the first position 415
based on a relative distance between the first and the second
navigation modules and a velocity of the vehicle. The steps
of the method can be performed using at least a processor of
the first navigation module.

In some embodiments, the method uses the first position
to determine 440 the phase and/or the frequency 445 of the
satellite signal to be tracked, and initializes the tracking of
the satellite signal according to the frequency and the phase
of the satellite signal. In some embodiments, the method
uses a database 450 with geographical information including
information geographic information related to the train rack
to aid in the determination of the first position.

FIG. 5A shows a block diagram of a method for deter-
mining the first position using the database 450 according to
one embodiment of the invention. The embodiment select
510 a portion of the train track including the second position
425 from a database with geographical information 450 and
determines the first position by projecting 520 the relative
distance 530 between the first and the second navigation
modules along the portion of the train track starting from the
second position 425 into a direction of the velocity 535 train.
The velocity of the train can be determined independently or
received from the second navigation module. In some
embodiments, the relative distance is adjusted using infor-
mation about the couplers between the cars of the train. For
example, one embodiment measures the angles between the
cars of the train and multiplies the distance between the
receivers by the cosines of all the angles between the cars
that lie between the two GNSS modules.

FIG. 5B shows a schematic of determining the first
position 415 based on the second position 425 and the
relative distance 530 between the first and the second
navigation modules forming a circle 531 around the second
distance, i.e., the first distance can be on any point of the
circle 531. In this example, the first position 415 is selected
on the circle 531 according to a direction of the velocity 535.
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FIG. 5C shows a schematic of an embodiment consider-
ing the first position between the positions 414 and 416
determined based on a maximal potential curvature of the
train rack 515. In this embodiment, the phase of the satellite
signal can be determined for different locations.

FIG. 5D shows a schematic of an embodiment consider-
ing the geographical information. In this embodiment the
first position 415 is selected on an intersection of the circle
531 with a portion of the train track 515.

FIG. 5D shows a schematic of an embodiment consider-
ing mechanical connection between the cars of the train. In
this embodiment the circle 530 can be decreased or
increased 540 to reflect that the connection between the
navigation modules is not rigid.

The embodiment enables one navigation module to reac-
quire the navigation signal using the information provided
by other navigation modules on the same train. For example,
the phase ® of the satellite signal at the reacquiring navi-
gation module @, located at position X ,, can be determined
from the phase) @ of the satellite signal determined at the
known position X5 according to

! ‘
b= |=[@p +(xa —x5)-19]
¢ A

where the brackets with subscript [ |, indicate a modulo
operation, and where A is a spatial length of a pseudorandom
code identifying the particular satellite k being re-acquired.
In addition, the unit vector pointing from x, to the position
of satellite k is represented as 1”.

The determined frequency at the re-acquiring navigation
module Tis given by the relative velocity of the re-acquiring
module and the occluded satellite k. Given the position Xz
and velocity vz of the aiding navigation module and the
position X, and velocity ¥, of the re-acquiring navigation
module, as well as the frequency of the navigation signal at
the aiding module fj, the acquisition frequency includes

vy = ). 16

F=far - [Zsin(é—;)sinw + 50)].

Here, 0 is the angle between the relative velocity between
the aiding navigation module and satellite k, and 8+90 is the
angle between the velocity of the reacquiring navigation
module and the satellite velocity. In this embodiment, geo-
graphic aiding can enable smooth tracking of multiple
occluded satellite signals in cluttered environments, as long
as at least one receiver is able to track enough signals at any
given point in time to compute position and velocity.

FIG. 6 shows a navigation module 600 with one or more
antennas 601 and 602 according to some embodiments of
the invention. The navigation module 600 can process
navigation signals using a signal acquisition module 620 for
initial acquisition of navigation signals to be processed in
the signal tracking module 622. In the case of navigation
signal outage and loss of position estimates, the reacquisi-
tion module 621 resorts to the information from the geo-
graphic information module 610 to estimate the current
position and velocity of the navigation module 600.

The geographic information module 610 includes infor-
mation about the geometry of the train tracks, and proper-
ties, e.g., locations and/or dimensions, of other geographic
features, such as buildings, tunnels, lighting poles, and train
stations. The communication module 630 transmits infor-
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mation to other navigation modules and receives informa-
tion from other navigation modules and/or other types of
sensors, such as velocity sensors. The signal reacquisition
module 621 combines the information received from other
navigation modules through the communication module 630
with any other available information, such as velocity mea-
surements also provided through the communication module
630 or position estimates when available from the position
estimation module 640. The information combined at the
reacquisition module is processed to determine the fre-
quency and the phase of the satellite signals, otherwise
determined by the acquisition module 620 after cumbersome
computations.

Some embodiments of the invention are based on real-
ization that in a navigation system where geographic infor-
mation is available, for example in the form of a GIS
database, previous position and velocity estimates can be
used to yield estimates of position and velocity in real time,
or even predict position and velocity into the future. For
example, after losing the signal due to an occluding geo-
graphical object, the position and/or velocity at the next LOS
location can be predicted using geographical information
(GI) about the properties of that object. For example, when
a vehicle enters a tunnel that blocks the satellites signals, the
geometry of the tunnel can be used to predict the position of
re-emerging from such a tunnel and the knowledge of that
position can be used to initiate the tracking of the satellite
signal.

FIG. 7 shows an embodiment of the invention, where a
train 701 is exiting a tunnel where the signals 703 are
occluded. Upon entering the tunnel, the system can estimate
the exit location 704 using the GIS database 710 and
determine the phase of the satellite signal at that location
704. Using velocity measurements from velocity sensor 712,
the velocity 708 can be estimated, yielding the expected
signal frequency caused by the Doppler Effect 711 for each
satellite 702 at the navigation antenna and module 705.

For example, at the tunnel exit location X, the train
traveling at velocity ¥, detects the satellite signal from
satellite k at the frequency T:

20 (v - v0)y .16

;o= 1 +fo

Xy — X(k)

) _
[, = x|

The unit vector pointing from x , to the position of satellite
k denoted by x® is represented as 1%, v is the velocity of
the satellite k, and ||| denotes a vector norm, and f, is the
frequency of the satellite signal.

The expected phase ® of the satellite signal is:

1 N
b= [;[ux‘“ = (B9 = Ba)] + A fp + Aoy |
A

wherein c¢ is the speed of light, b , 1s the clock bias on the
navigation module A, and b® is the bias on the clock of
satellite k, the Doppler frequency f,,,, is the difference
between the nominal signal frequency and the actual fre-
quency of the received signal, co is the phase of the signal
carrier; A, and A, are receiver dependent constants. The

brackets with subscript [ ], indicate the modulo operation,
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and where A is the spatial length of a pseudorandom code
identifying the particular satellite k being re-acquired.

In another embodiment of the invention, the signals can
be reacquired without standalone navigation position or
velocity estimations. Knowing that the vehicle has entered a
geographic feature in which navigation signal reception is
poor, such as a tunnel or an urban canyon, it is possible to
compute a point of reemergence from this feature. In such a
case, geographic information about the track can be used to
initialize the phase search and when speed measurements are
available from other on-board sensors, the frequency can be
estimated to complete the reacquisition process.

FIG. 8 shows a block diagram of a navigation system for
tracking a satellite signal according to one embodiment of
the invention. The navigation system can be installed on the
vehicle and be communicatively connected to sensors of the
vehicle, such as a velocity sensor. The modules of the
navigation system can be implemented using at least one
processor, e.g., a processor 801 of the navigation system
optionally assisted by other processors arranged in the
vehicle. The processor 801 is operatively connected to a
non-transitory memory storing a database 450 of geographi-
cal information.

The navigation system includes a position module 811 for
determining 810 a current position 815 of the vehicle by
tracking at least one satellite signal. The navigation system
also includes an estimation module 812 for identifying 820,
e.g., upon an interruption of the tracking the satellite signal,
a geographical object 825 blocking the satellite signals. The
estimation module 812 is also configured for determining
830 a next position 835 of the vehicle at a distance from the
current position at which the navigation system reacquires
the satellite signal. For example, the estimation module can
determine the next position using a property of the geo-
graphical object, such as height and/or width of the object,
such as a building, or other dimensions of the object, such
as a length of a tunnel.

The navigation system also includes an acquisition mod-
ule 813 for determining a phase 845 of the satellite signal at
the next position and for initializing 850, e.g., upon reac-
quiring the satellite signal, the tracking of the satellite signal
using the phase. In some embodiments, the acquisition
module also determines 840 a frequency 845 of the satellite
signal using a velocity of the vehicle determined by a
measurement system of the vehicle and initializes 850 the
tracking of the satellite signal using the phase and the
frequency of the satellite signal.

FIG. 9 shows a block diagram of a method for identifying
the object blocking the LOS with the satellite and for
determining the next LOS position according to some
embodiments of the invention. The method selects a set of
objects, using the geographical information 450 that can
potentially block the satellite signal. For example, the
method selects 910 a set of geographical objects 915 in
proximity with the current position of the navigation system
and located on a ground projection 905 of a line connecting
the satellite with the navigation system. The method tests
920 the dimensions of each geographical object in the set
adjusted with corresponding distances to the current position
of the navigation system to identify the object blocking the
satellite signal and determines the next position as a first
position having a line-of-sight with the satellite with respect
to the object.

Some embodiments are based on a realization that the
signal at the next position determined for the method can be
also blocked by another objects not selected in the set 915.
Accordingly some embodiments search 940 for another
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geographical object 945 blocking the satellite signal at the
next position and update iteratively a location of the next
position until the next position has a line-of-sight with the
satellite.

The above-described embodiments of the present inven-
tion can be implemented in any of numerous ways. For
example, the embodiments may be implemented using hard-
ware, software or a combination thereof. When implemented
in software, the software code can be executed on any
suitably programmed processor or collection of processors,
whether provided in a single computer or distributed among
multiple computers. Such processors may be implemented
as integrated circuits, with one or more processors in an
integrated circuit component. Though, a processor may be
implemented using circuitry in any suitable format.

Also, the embodiments of the invention may be embodied
as a method, of which an example has been provided. The
acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed
in which acts are performed in an order different than
illustrated, which may include performing some acts simul-
taneously, even though shown as sequential acts in illustra-
tive embodiments.

Use of ordinal terms such as “first,” “second,” in the
claims to modify a claim element does not by itself connote
any priority, precedence, or order of one claim element over
another or the temporal order in which acts of a method are
performed, but are used merely as labels to distinguish one
claim element having a certain name from another element
having a same name (but for use of the ordinal term) to
distinguish the claim elements.

Although the invention has been described by way of
examples of preferred embodiments, it is to be understood
that various other adaptations and modifications can be
made within the spirit and scope of the invention. Therefore,
it is the object of the appended claims to cover all such
variations and modifications as come within the true spirit
and scope of the invention.

We claim:

1. A navigation system, comprising:

a first navigation module for determining a first position;

and

a second navigation module for determining a second

position, wherein the first and the second navigation
modules are mechanically connected, such that the first
position is dependent on the second position, wherein
the first and the second navigation modules are com-
municatively connected to exchange information
including at least one of the first and the second
positions, and wherein, at an instant of time during an
operation of the navigation system, the first navigation
module receives the second position from the second
navigation module and determines the first position
based on the second position, wherein the first naviga-
tion module determines a first velocity and determines
the first position based on the first velocity and the
second position, and wherein the first navigation mod-
ule determines a phase of a satellite signal using the
first position determined upon receiving the second
position, determines a frequency of the satellite signal
using the first velocity, and initializes tracking of the
satellite signal according to the frequency and the phase
of the satellite signal.

2. The navigation system of claim 1, wherein the first
navigation module receives a second velocity from the
second navigation module and determines the first velocity
using the second velocity.

2 <
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3. The navigation system of claim 1, wherein the first
navigation module determines the first position using a
relative velocity between the first and the second navigation
modules.

4. The navigation system of claim 1, wherein the first
navigation module receives the first velocity from a velocity
measurement system rigidly connected with the first navi-
gation module.

5. The navigation system of claim 1, wherein the first
navigation module determines the first position using a
relative distance between the first and the second navigation
modules.

6. The navigation system of claim 5, wherein the first
navigation module and the second navigation module are
rigidly connected.

7. The navigation system of claim 5, wherein the first
navigation module adjusts the relative distance using geo-
graphic information.

8. The navigation system of claim 5, wherein the first and
the second navigation modules are arranged at different cars
of a train and connected by the cars of the train, wherein the
first navigation module adjusts the relative distance using
information about the connection between the cars, and
geographic information.

9. The navigation system of claim 1, wherein the first
navigation module determines the phase @ of the satellite
signal according to

. 1 N
&= [ [~ = (04~ B)] + A oy + A K

wherein X, is the first position of first navigation module A,
x® is a position of a satellite k transmitting the satellite
signal, ¢ is the speed of light, b, is a clock bias on the first
navigation module A, ¢ is the phase of the satellite signal, A,
and A, are receiver dependent constants, and b® is a bias on
the clock of the satellite k, brackets with subscript [ ],
indicate the modulo operation, and A is a spatial length of a
pseudorandom code identifying the satellite k being re-
acquired,

wherein the first navigation module determines the fre-

quency T of the satellite signal according to

20 (v - vy 1@

;o= 1 +fo

Xy — X(k)

160 =
Il — 21"

wherein v, is the first velocity of the first navigation module,
v® is a velocity of the satellite k, and ||-|| denotes a vector
norm, and 1% is a unit vector pointing from the first position
X, to the position x® of satellite k, and f is a frequency of
the satellite signal.

10. The navigation system of claim 1, wherein the first

navigation module comprises:

at least one communication module for exchanging the
information between the first and the second navigation
modules;

a memory for storing information indicative of a relative
distance between the first and the second navigation
modules;

a position estimation module for determining the first
position by tracking at least one satellite signal; and
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a signal acquisition module for tracking of the position
estimation module according to the frequency of the
satellite signal.

11. The navigation system of claim 10, wherein a portion
of the information includes one or combination of the
second position and a second velocity of the second navi-
gation module, wherein the signal acquisition module deter-
mines the first velocity and the first position using the second
velocity, the second position and a relative distance between
the first and the second navigation modules.

12. The navigation system of claim 11, wherein the
memory stores geographical information, wherein the infor-
mation indicative of the relative distance include a maximal
relative distance, and wherein the signal acquisition module
determines the relative distance between the first and the
second navigation modules using the geographical informa-
tion and the maximal relative distance.

13. A method for navigating a vehicle, comprising:

tracking, by a first navigation module installed on the
vehicle, a set of satellite signals to determine a first
position;

receiving, upon loosing at least one satellite signal, a
second position determined by a second navigation
module installed on the vehicle, such that the second
navigation module is mechanically connected with the
first navigation module through a body of the vehicle;

determining the first position based on a relative distance
between the first and the second navigation modules
and a velocity of the vehicle;

determining a phase of the satellite signal using the first
position determined upon receiving the second posi-
tion;

determining a frequency of the satellite signal using the
velocity; and

initializing the tracking of the satellite signal according to
the frequency and the phase of the satellite signal.

14. The method of claim 13, wherein the vehicle is a train
traveling on a train track, further comprising:

selecting a portion of the train track including the second
position from a geographical information database; and

determining the first position by projecting the relative
distance along the portion of the train track starting
from the second position into a direction of the velocity.

15. A navigation system of a train moving on a train rack,
comprising:

a first navigation module installed on the train for deter-

mining a first position of the train; and

a second navigation module installed on the train for
determining a second position of the train, wherein the
first and the second navigation modules are mechani-
cally connected through a body of the train and are
communicatively connected to exchange operational
information; and

a non-transitory memory storing a database with geo-
graphical information including information on the
train rack, wherein the first and the second navigation
modules are configured to determine at least one of the
first and the second position using the geographical
information and the operational information, wherein
the first navigation module determines a first velocity
and determines the first position based on the first
velocity and the second position, and wherein the first
navigation module determines a phase of a satellite
signal using the first position determined upon receiv-
ing the second position, determines a frequency of the
satellite signal using the first velocity, and initializes
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tracking of the satellite signal according to the fre-
quency and the phase of the satellite signal.

16. The navigation system of claim 15, wherein, at an
instant of time during an operation of the navigation system,
the first navigation module receives the second position
from the second navigation module and determines the first
position based on the second position, a portion of a train
track including the second position, and a velocity of the
train by projecting a relative distance between the first and
the second navigation modules along the portion of the train
track starting from the second position into a direction of the
velocity.

17. The method of claim 15, wherein the operational
information includes one or combination of a position of the
second navigation module, a phase of a satellite signal, a
frequency of the satellite signal, wherein the first navigation
module determines the phase and the frequency of the
satellite signal using the operational information and initial-
izes the tracking of the satellite signal according to the
frequency and the phase of the satellite signal.
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